There is a strong interaction between multisensory processing and the neuroplasticity of the human brain. On one hand, recent research demonstrates that experience and training in various domains modifies how information from the different senses is integrated; and, on the other hand multisensory training paradigms seem to be particularly effective in driving functional and structural plasticity. Multisensory training affects early sensory processing within separate sensory domains, as well as the functional and structural connectivity between uniand multisensory brain regions. In this review, we discuss the evidence for interactions of multisensory processes and brain plasticity and give an outlook on promising clinical applications and open questions.
Introduction
The human ability to perceive and understand the surrounding world relies essentially on multisensory integration, as incoming information from multiple senses is unified in order to form a coherent percept, or segregated in order to dissociate distinct events. Within the context of cognitive neuroscience and throughout the last decades, there has been an increasing interest in the study of the underlying brain mechanisms of multisensory integration, both on an anatomical and functional level This review will focus on the intersection of the research areas of multisensory processing and learning-induced neuronal plasticity and will summarize recent research results. Initially, we will briefly describe the known anatomical substrates underlying multisensory integration in humans and the proposed functional frameworks, referring when necessary to animal research results. Subsequently, we will then survey how these frameworks relate to neuroplasticity by distinguishing between the mechanisms through which multisensory integration modulates the resulting plasticity (on a uni-and multisensory level) and the mechanisms through which learning-induced plasticity modulates multisensory integration.
Additionally, the basic models and paradigms that are used in the study of multisensory plasticity will be outlined. Finally, we will describe the clinical relevance of multisensorybased interventions and the resulting plasticity with regard to the prevention and rehabilitation of known neurological deficits and age-related changes, and provide an outlook for possible avenues for future research. [14] .
The multisensory brain
The IPS has a role in multisensory processing of motion and space, integrating tactile, visual and auditory information [15] . An fMRI study by Bremmer et al. [16] and psychophysics [18] . Moreover, results from animal studies indicate that the sensory responses in the IPS can be driven by any input modality and are characterized by a complex task dependence [19] [20] [21] . The lateral occipital complex and posterior middle temporal cortex are also considered to respond to multisensory stimulation with a preference for shape representation and motion, respectively [22] .
Prefrontal regions have also been related to multisensory integration [23] . A fMRI study by Noppeney et al. [24] indicated that the inferior frontal sulcus showed increased activity in tasks that relied on the combination of auditory and visual information. Importantly, it weighted its connectivity to auditory and visual regions according to its reliability and decisional relevance. Another study by Belardinelli et al. [25] indicated increased activity in the inferior frontal sulcus when subjects were confronted with incongruent audiovisual pairs. Similar effects are also present in a recent MEG study by Paraskevopoulos et al. [26] , while direct recording primate studies confirm the multisensory characteristics of this region at a single neuron level [27] [28] [29] .
Neurons that show multisensory characteristics have recently been found in cortical regions that were traditionally considered unisensory. Several fMRI [30] [31] [32] and MEG [33, 34] studies have shown modulation of the auditory cortex via visual or somatosensory input, results that have been confirmed with intracranial recordings in macaque monkeys [14] . Similarly, neurons in V1
have been shown to modulate their response to a brief visual flash when concurrent auditory stimulation is presented [35] or during tactile
Braille reading [36] . Additionally, multisensory responses have been shown in neurons in the primary somatosensory cortex [37] .
When considering the cortical structures that underlie multisensory processing, one must distinguish between the regions that modulate their activity in response to bi-or multimodal stimuli, as the ones described above, and the regions that show supramodal characteristics, i.e. regions that execute a specific process independently of the input modality. Such regions may include Broca's area [38] , subregions of the intraparietal cortex [39] and the anterior cingulate cortex [40] .
Areas that respond to multisensory stimuli at a subcortical level include the superior colliculus [41] , which integrates multimodal input in spatial maps [42] . The multisensory processes of the superior colliculus strongly depend on a top-down input from the neocortex [43] . Neurons in the claustrum also respond to multisensory stimuli [44] , as well as in the striatum [45] and the amygdala [46] .
Moreover, thalamic neurons seem to modulate their response to auditory stimuli depending on the congruency of visual co-stimulation [47] .
Even at the level of the brainstem, research has
shown that neurons modulate their response based on the congruency of audiovisual stimuli [48, 49] .
Apart from the anatomical structures and pathways that promote multisensory integration, oscillatory phase coherence of the relevant neuronal populations is considered an important index for multimodal processing on a functional level [50] . In a high-density EEG study by Senkowski et al. [51] , it was shown that the behavioral benefit of processing bi- Therefore, it is important to note that we refer to functionality and not to location when discussing uni-and multisensory structures.
Multisensory plasticity
Models and paradigms for the study of multisensory plasticity
The recent interest in the study of neuroplastic changes related to multisensory processing in humans has led to the establishment of some basic models and paradigms in this field of research. With regard to developmental cognitive neuroscience, the basic approach focuses on the question of whether a specific multisensory function, such as a cross-modal correspondence, is developed in infants or not [56] . Another approach is the use of a crosssectional studies to compare the efficacy of a multisensory function in specific maturational stages, such as early childhood and adulthood [57] . objects that were paired via training with a specific sound. In the following section, studies from all of the above mentioned approaches will be discussed.
Experience-related plasticity effects in multisensory processing

Maturation e ects
Recent research in the study of multisensory processing has focused on the modulating effects of different forms of experience, including training. There has been extensive investigation on how experiences during development affect multisensory processing (for an extensive review see [65] ). Research indicates the critical role that the experience of cross-modal stimuli has in the developing multisensory brain [66] . For example, Wallace et al. [67] revealed that a multisensory region of the cat's cerebral cortex (i.e., the anterior ectosylvian sulcus) is underdeveloped during early postnatal life, and multisensory neurons lack the ability to synthesize the cross-modal information they receive, and it develops gradually thereafter only if the cat receives normal multisensory input [68] . The same seems to be true for subcortical multisensory regions such as in the superior colliculus [69] . Similar results have been obtained in human infants that show age-dependent effects on reaction times when tested in localization of auditory, visual or audiovisual stimuli [70] . Nevertheless, some basic multisensory processes seem to be in place quite early in human life as indicated by data from 5-month-old infants regarding the discrimination of visual, auditory or audiovisual rhythms [71] and processing of audiovisual correspondences between the height of a pitch and the height of a visual stimulus [56] .
In addition to these cross-modal correspondences that seem to be innate or established very early in life, new ones are generated via learning through experience, such as observing a cat meowing or a cow mooing [72] or that a hammer hitting a nail will result in a "bang" sound while a hammer hitting a finger will result in an "ouch" sound [73] . The learning of these audiovisual correspondences modifies their cortical representation and thus, when violated, they produce a mismatch response generated in multisensory cortical regions such as the lateral occipital complex [72] and the superior temporal gyrus [73] . 
Sensory deprivation / dea erentation
Studies on plasticity due to sensory deprivation have contributed significantly to our knowledge of experience-related neuroplasticity of multisensory processes, indicating that deprivation of a sensory modality results in reorganization of neurocognitive functions. In the visual cortex of blind subjects, cross-modal activations have been observed in tactile tasks such as Braille reading [75] , and auditory tasks such as sound localization [76] . Moreover, TMS over occipital areas in blind subjects can lead to disruption of language production tasks such as word generation [77] . Conversely, Pekkola et al. showed that visual speech stimuli activate the primary auditory cortex in congenitally deaf subjects [78] , a phenomenon also present in cochlear implant users [79] . A more comprehensive review of the relevant literature is out of the scope of this review (for more detailed reviews see [58, 59] ). Nevertheless, the above-mentioned results clearly indicate the extent of plastic changes that are possible at a cortical level after sensory deprivation, even in adults.
Long-term training e ects in multisensory brain areas
In order to study the long-term effects of multisensory training, several studies used a cross-sectional approach comparing musicians with controls [80] . Schulz et al. Recent evidence indicates that unisensory visual training can also have an impact on multisensory processing in that it narrows the audiovisual temporal binding window [84] . Training-related effects on multisensory training can also be quite specific. Using fMRI, Lee and Noppeney [85] showed that musicians have enhanced processing of audiovisual asynchronies in a task related with music, but not in a language task. These authors also revealed that the multisensory training of musicians changes not only the cortical activity patterns that process multisensory stimuli, but also the functional connectivity between the STS, the premotor cortex and the cerebellum.
Luo et al. [86] showed that the resting state activity of musicians' brains has significantly Importantly, the effect of musical expertise is generalized to the linguistic task. These data also imply that when processes early in the hierarchy are affected by training, this may affect all further "downstream" processing.
Multisensory training effects in neuroplasticity
The above-mentioned studies used a crosssectional approach to investigate multisensory In two fMRI studies, Butler et al. [94, 95] 
Functional frameworks
The architecture of the mechanisms upon which changes in multisensory integration rely still remains unclear [58] . The proposed frameworks emphasize either the role of feed-forward and feedback circuits between the multisensory and the unisensory regions, [97, 98] [97] indicated alterations in white matter tracts due to several weeks of multisensory training.
In an interesting animal study, Jiang et al. [43] demonstrated that disrupting the feedback circuit from a cortical multisensory region to Complementary evidence for this model comes from the fMRI training studies that indicate plasticity in structures traditionally considered as multisensory [94, 96, 105] .
The critical role of changes occurring within unisensory areas is emphasized by studies of perceptual learning [99] . In this context, it is hypothesized that the unisensory representation that is trained lowers the neural threshold needed for the activation of these structures [106] and, as a result, Multisensory training modifies the unisensory structures, allowing for enhanced unisensory processing, which in turn send their output to the higher-order multisensory regions. B: Multisensory training modifies the feed-forward and feedback connections between the unisensory structures, allowing for better communication between the different modalities. C: Multisensory training modifies the multisensory structures directly, allowing for enhanced multisensory processing.
Clinical relevance of multisensory training
Rehabilitation approaches that use complex, multisensory training tasks have become increasingly widespread, with musical training as one of the most studied types of interventions. In stroke rehabilitation, musical approaches have been developed to train coarse movements of the upper and lower extremities using an electrical drum set programmed to play tones and to train manual and finger movements using piano practice [107] . Both in behavioral outcomes and underlying physiological neuroplasticity, the music-supported multisensory therapies are superior to traditional motor rehabilitation approaches [108] .
Music-based interventions have become a popular intervention for patients suffering from
Parkinson's Disease (PD), ranging from walking exercises accompanied by music [109, 110] to dance lessons [111, 112] . In these studies, both executive processes than non-musician peers in a cross-sectional study [122] . Similarly, middle-aged musicians show better speechin-noise perception and better working memory than age-matched non-musicians.
Interestingly, only verbal working memory was better, with no group differences for visual working memory, indicating that benefits of predominantly auditory-motor training don't easily generalize to other sensory domains [123] . These behavioral effects are partly based on differences in the neural hardware:
musicians' long-term experience might delay the onset of age-related losses regarding neural encoding during speech perception as early as on the brainstem level [124] . Such results are a promising basis for more research on the mechanisms of training-related plasticity in aging participants. Still, due to the limitations of cross-sectional comparisons in most studies it remains unclear whether the training itself is protective against cognitive decline or whether musicians exhibit protective brain characteristics even before they start training.
Future directions
Better understanding of the role of multisensory integration in neuroplastic changes in the brain will be crucial for improving our models of underlying mechanisms. For this, wellcontrolled experimental training studies with direct manipulation of multisensory training components in healthy and patient populations are needed. The large variety of multisensory trainings that are used to study neuroplasticity, ranging from lab-based audio-visual-motor paradigms (e.g., [63] ) to naturalistic approaches using leisure activities (e.g., [125] Within the last few years, the focus of neuroscience research in humans has begun to shift from group comparisons and average effects to individual differences in behavior, brain function and structure [126] . White matter tracts, especially long-range connections relevant to conveying information across cortical areas during multimodal integration and processing, show significant interindividual differences [127] . This may not only be related to the variability seen in plasticity effects in multisensory training studies of white matter tracts (e.g., [97, 125] onset [132] and increased thickness of the corpus callosum connecting the hand areas in musicians is particularly prominent in musicians who started to train early in life [133] . This and other data speak for the existence of sensitive periods in development [134] during which the brain is especially susceptible to auditorymotor learning, which is further corroborated by the independence of age of onset effects from the overall duration of training [135] . To what extent the potential for multisensory learning changes with normal and pathological aging has not been extensively studied, but some recent studies in elderly individuals using golfing 
